Defender against cell death (DAD) genes are known to function as negative regulators of cell death in animals. In plants, DAD orthologs are conserved but their role in cell death regulation is not well understood. Here, we report the characterization of the TaDAD2 gene in wheat. The predicted amino acid sequence of TaDAD2 contains typical structural features of DAD proteins, including a signal peptide, three transmembrane regions, and a subunit of oligosaccharyltransferase. Transcripts of TaDAD2 were detected in wheat leaves, culms, roots, florets, and spikelets. The expression level of TaDAD2 was reduced in the initial contact with the stripe rust fungus, subsequently induced and peaked at 18 h postinoculation (hpi), gradually reduced at 24 to 48 hpi, and restored to control level at 72 to 120 hpi. In addition, TaDAD2 exhibited positive transcriptional responses to abiotic stresses after the initial reduction at 1 hpi. Overexpression of TaDAD2 in tobacco leaves inhibited cell death. Furthermore, knocking down TaDAD2 expression by virusinduced gene silencing enhanced the susceptibility of wheat cv. Suwon11 to avirulent race CYR23 and reduced necrotic area at the infection sites. These results indicate that TaDAD2 may function as a suppressor of cell death in the early stages of wheat-stripe rust fungus interaction. However, it is dispensable for or plays an opposite role in hypersensitive response or cell death triggered by an avirulent race of stripe rust fungus at late-infection stages. e-Xtra *
). Because expression of some DAD1 orthologues from plants, such as rice, could suppress apoptotic cell death in the dad-1 mutant line of hamster cells (Tanaka et al. 1997 ), these genes may play a role in negative regulation of plant cell death. However, to date, the exact function of DAD genes in wheat or other monocots has not been directly characterized.
Stripe rust (or yellow rust), caused by Puccinia striiformis f. tritici Erikss., is a common and damaging disease of wheat (Triticum aestivum L.) worldwide. One effective disease control measure is the application of stripe-rust-resistant cultivars. To date, over 30 stripe rust resistance genes have been identified in wheat. The gene-for-gene resistance against P. striiformis f. tritici involves the death of infected plant cells within hours after initial contact with the pathogen. To determine molecular mechanisms involved in the wheat-P. striiformis f. tritici interaction, in this study, we isolated and characterized a wheat DAD homologue, named TaDAD2, that shares the highest similarity with barley HvDAD2 (GenBank accession number Q9SME8). TaDAD2 was expressed in different plant tissues and its expression was induced in the late P. striiformis f. tritici infection stages. Expression of TaDAD2 in tobacco tissues suppressed Bax-induced PCD. Furthermore, knocking down TaDAD2 expression enhanced the susceptibility of wheat cv. Suwon11 to an avirulent P. striiformis f. tritici strain and reduced necrotic area per infection site. These results indicate that TaDAD2 may function as a suppressor of cell death in the early stages of the wheat-P. striiformis f. tritici interaction but its role in HR-related cell death at late stages of P. striiformis f. tritici infection may be different.
RESULTS
The deduced amino acid sequence and structural features of TaDAD2.
One cDNA clone from a cDNA library during early stages of wheat-P. striiformis f. tritici interactions (Ma et al. 2009) shared the highest homology with the barley HvDAD2 gene (GenBank accession number Q9SME8). The sequence information of this subtraction clone was used to design primers for amplifying the genomic and cDNA fragments of the corresponding gene, which was named TaDAD2 in this study. Primers TaDAD2-S and TaDAD2-AS were used to amplify a portion of the TaDAD2 coding region. Both a 289-bp 5′ rapid amplification of cDNA ends (RACE) and a 315-bp 3′ RACE product were amplified and sequenced to obtain the upstream and downstream sequences of the TaDAD2 open reading frame (ORF). The assembled-full length TaDAD2 (GenBank accession number GU564291) cDNA sequence is 607 bp in length. The predicted ORF of TaDAD2 encodes a protein with 114 amino acid residues, which is highly similar (over 90% identity) to its orthologues from other monocots (Fig. 1A) . TaDAD2 shares its highest homology (96% identity) with barley HvDAD2 (Fig. 1B) . It also exhibits 78 and 43% sequence identity to Arabidopsis AtDAD1 and human HsDAD1, respectively. The primary structure of TaDAD2 contains three transmembrane regions (25 to 50, 59 to 79, and 93 to 113) and a subunit of oligosaccharyltransferase (11 to 114), which are conserved in DAD proteins from animals and plants.
Like AtDAD1 and its orthologues from monocots, the coding region of TaDAD2 (GenBank accession number GU564293) contains five exons. The order and approximate sizes of exons and introns are well conserved among DAD genes from wheat, Arabidopsis, and other plants. As expected, the introns have lower sequence identity (18 to 32%) than the exons in TaDAD2 and its orthologues.
Transcription of TaDAD2 in wheat organs.
To determine biological functions of the TaDAD2 gene in plant development, we examined its expression patterns in five different tissues by quantitative reverse-transcription polymerase chain reaction (qRT-PCR). Transcripts of TaDAD2 were detectable in all wheat tissues tested ( Fig. 2A) . In leaves, culms, and roots, transcripts of TaDAD2 were found at moderate abundance. The expression level of TaDAD2 in florets (at anthesis) and spikelets was approximately 50% lower than in the other three tissues examined (Fig. 2A) .
Transcriptional responses of TaDAD2 to P. striiformis f. tritici infection and abiotic stress treatments.
Wheat seedlings of cv. Suwon 11 were inoculated with race CYR23 (incompatible) or race CYR31 (compatible) of the stripe rust fungus. The abundance of TaDAD2 transcripts in the inoculated leaves was evaluated by qRT-PCR. In leaves inoculated with race CYR23, the expression level of TaDAD2 was slightly downregulated by 12 h postinoculation (hpi) in comparison with that of time 0 control (0 hpi). TaDAD2 expression was then induced and peaked at 18 hpi, and remained higher than the initial level (0 hpi) by 48 hpi. The expression level of TaDAD2 was almost reduced to that of the time 0 control from 72 to 120 hpi (Fig. 2B) . In leaves inoculated with virulent race CYR31, TaDAD2 transcription also was mildly reduced at 12 hpi and peaked at 18 hpi. However, the induction of TaDAD2 expression in the compatible interaction was less than in the incompatible interaction at 18 hpi. In CYR31-infected leaves, the expression of TaDAD2 was reduced to the time 0 control level at 24 hpi (Fig. 2B) .
We also assayed changes in TaDAD2 expression in responses to abiotic stresses. In general, the expression level of TaDAD2 was reduced as early as 1 h posttreatment (hpt), then induced at 3 to 6 hpt but restored to the untreated level at 12 to 24 hpt in wheat seedlings treated with wound, PEG6000, or NaCl (mimicking water-deficient or osmotic stress) (Fig. 3) . However, the induction of TaDAD2 transcription was more substantial in PEG6000-treated seedlings (Fig. 3) . Together, these results suggest a general role of TaDAD2 in stress responses.
Evidence for the involvement of TaDAD2 in suppressing cell death.
To determine whether TaDAD2 could suppress PCD induced by the pro-apoptotic protein Bax, we used the doublebarreled attachment of the Bio-Rad Gene Gun as described (Dou et al. 2008 ) for co-bombardment assays. On tobacco (Nicotiana benthamiana) leaves co-bombarded with the empty vector pUC19 and β-glucuronidase (GUS) vectors, numerous blue spots were observed (Fig. 4A) . Co-bombardment with the TaDAD2 and GUS vectors had no obvious effects on the number of blue spots formed on tobacco leaves ( Fig. 4A ; Table 1), indicating that TaDAD2 had no effect on the transformation efficiency or transient expression of the GUS gene.
In contrast, compared with leaves bombarded with the GUS gene alone, the number of blue spots was reduced to approximately 25% ( Fig. 4B TaDAD2 increased the number of cells expressing the GUS gene. To further confirm this observation, we bombarded tobacco leaves with a mixture of pUCTaDAD2, pUCBax, and pUCGUS in the first barrel and a mixture of empty vector pUC19, pUCGUS, and pUCBax in the second barrel (Fig.  4D ). The ratio of the logarithm of the blue spots formed on leaves bombarded with Bax and TaDAD2 to that with the empty vector and Bax was 2.13 (Table 1) . Therefore, we conclude that TaDAD2 could partially suppress Bax-induced PCD in tobacco cells. TaDAD2 expression in wheat enhanced susceptibility to P. striiformis f. tritici infection.
Suppression of
To further characterize its function, the TaDAD2 gene was silenced with the Barley stripe mosaic virus (BSMV)-based On wheat seedlings inoculated with BSMV:TaPDSas on the second leaf, mild chlorotic mosaic symptoms became visible on the third leaf at 9 days postinoculation (dpi). Photobleaching symptoms were observed by 15 dpi (Fig. 5A ). Under the same conditions, wheat plants mock inoculated with sterile buffer developed normal leaves (Fig. 5A ), indicating that silencing of TaPDS occurred specifically in BSMV:TaPDSasinfected plants.
We then infected seedlings of Suwon 11 with the recombinant BSMV:TaDAD2as virus that contains a 161-bp fragment amplified with primers TaDAD2_vigs_S and TaDAD2_vigs_ AS. These two primers are located in regions that are not conserved between TaDAD1 and TaDAD2 ( Supplementary Fig. 2 ). The BSMV:TaDAD2as-inoculated plants also displayed mild chlorotic mosaic symptoms by 9 dpi but had no obvious defects in further leaf growth (Fig. 5A) . The fourth leaves of wheat plants mock inoculated with buffer or infected with BSMV:γ and BSMV:TaDAD2as were then inoculated with urediospores of CYR23 or CYR31. Conspicuous HR was elicited by CYR23 on leaves preinfected with BSMV:γ or BSMV:
TaDAD2as, as well as mock-inoculated plants (Fig. 5B) . However, limited fungal sporulation around the necrotic spots was observed only on leaves infected with BSMV:TaDAD2as by 10 dpi (Fig. 5B ). On average, approximately 17 uredia were formed on each P. striiformis f. tritici-inoculated leaf. In contrast, wheat leaves inoculated with CYR31 had normal disease development and produced numerous regular uredia (Fig. 5B) , indicating that silencing of TaDAD2 has no effect on the compatible interaction. Race-specific resistance to the stripe rust fungus was not blocked or eliminated by BSMV:TaDAD2as infection or silencing of TaDAD2. Nevertheless, knocking down TaDAD2 expression reduced fungal-induced cell death and allowed limited fungal growth and uredium development equivalent to a reduced infection type of the wheat stripe rust fungus.
The relative expression levels of the TaPDS and TaDAD2 genes in the fourth leaves of infected plants were estimated by qRT-PCR. Inoculation with BSMV:TaPDSas resulted in a 64, 65, and 72% reduction in the abundance of TaPDS transcripts at 0, 18, and 48 hpi, respectively, compared with that of plants infected with BSMV:γ (Fig. 5C ). Similarly, the transcription level of TaDAD2 was significantly reduced in leaves infected by BSMV:TaDAD2as (Fig. 5C ). In comparison with BSMV:γ-infected wheat leaves, the expression level of TaDAD2 in leaves infected with BSMV:TaDAD2as was reduced 71, 75, and 69% at 0, 18, and 48 hpi, respectively, with CYR23. Under similar conditions, inoculation with CYR31 caused 72, 70 and 67% reduction in TaDAD2 transcription in TaDAD2 knocked-down wheat plants at 0, 18, and 48 hpi, respectively (Fig. 5C ). These results confirmed the reliability of the BSMV-VIGS system for assessing potential effects of TaDAD2 silencing.
To determine whether the expression of defense-related genes was affected by TaDAD2 silencing, we assayed the expression levels of a few selected genes, including genes encoding pathogenesis-related (PR) proteins, involved in ROS generation and elimination, and related to secondary metabolism, in wheat leaves inoculated with the stripe rust fungus. The ex- pression levels of the TaPR1, TaPR2, TaPR5, phenylalanine ammonia-lyase (TaPAL), and NADH oxidase (TaOXI) were reduced in TaDAD2 knocked-down leaves at 18 or 48 hpi with CYR23 (Fig. 6) . In contrast, the expression of the catalase (TaCAT) and class III peroxidase (TaPOD) genes that are likely involved in ROS removal were induced in TaDAD2 knocked-down leaves infected with CYR23. The abundance of TaCAT transcripts increased almost 25-fold in comparison with the BSMV:γ-infected control wheat plants. Knocking down of TaDAD2 expression appeared to affect the expression of a number of plant defense-related genes.
Histological observation of fungal growth and host response in TaDAD2 knocked-down plants.
To determine cytological changes associated with enhanced susceptibility of TaDAD2 knocked-down plants to P. striiformis f. tritici, leaf segments inoculated with CYR23 or CYR31 were examined microscopically. Necrotic cells were not observed at 18 and 48 hpi on leaves inoculated with virulent race CYR31. Fungal development and host responses in CYR31-inoculated plants were similar to what have been described for compatible wheat-P. striiformis f. tritici interactions (C. F. ). In plants inoculated with CYR23, no significant differences in fungal development and hyphal growth were observed between mock-inoculated plants and TaDAD2 knocked-down plants at 18 hpi (Table 2) . However, at 48 hpi, hyphal length in BSMV:TaDAD2as-infected wheat leaves was significantly (P < 0.05) longer than those observed on mock-inoculated and BSMV:γ-infected plants (Table 2 ). These results indicated that the susceptibility of cv. Suwon11 to CYR23 was enhanced when TaDAD2 was silenced.
Hypersensitive cell death was further examined for discontinuity of cytoplasmic strands and from autofluorescence of dead cells. Similar to the previous report (C. F. ), necrotic cells were not observed by 18 hpi on leaves inoculated with avirulent race CYR23 (Fig. 7A) . However, by 48 hpi, dead cells with autofluorescence were observed (Fig.  7B-b and c) . Interestingly, the average necrotic area per infection site in the BSMV:TaDAD2as-infected plants was smaller than that of mock-and BSMV:γ-inoculated wheat plants, although occurrence of host cell necrosis was not significantly different (Fig.7B-b through d,) , indicating that knocking down TaDAD2 expression weakened hypersensitive cell death in the Suwon11-CYR23 interaction. In addition, fungal hyphae also were significantly longer compared with other treatments at 48 hpi. These results suggest that knocking down the transcription of TaDAD2 in wheat increases its susceptibility to the wheat stripe rust fungus. Therefore, TaDAD2 may be involved in defense responses against the stripe rust fungus and suppression of plant cell death in wheat. (Fig. 1B) likely have similar functions, the TaDAD2 gene and its orthologues have not been functionally characterized in plants.
Although barley, a diploid species, has only two DAD genes, wheat is hexaploid and may possess more DAD genes. Unfortunately, the wheat genome has not been sequenced. We isolated two DAD genes, TaDAD1 and TaDAD2, in the cDNA library enriched for wheat genes induced by the stripe rust fungus. No additional DAD genes were identified by Blast searches in the GenBank and wheat-specific databases. One possible explanation is that other wheat DAD genes are not expressed or expressed at a very low level in the tissues used for cDNA library construction.
When it was expressed in N. benthamiana, the TaDAD2 
TaDAD2 may function as one of the regulatory components of this important reaction to restrict pathogen growth.
Although TaDAD2 is expressed in all wheat tissues tested, the expression of TaDAD2 was reduced as early as 12 hpi in both compatible and incompatible wheat-P. striiformis f. tritici interactions, suggesting that TaDAD2 expression displays a nonspecific response at early stages of the wheat-P. striiformis f. tritici interaction. As a biotrophic fungal pathogen, the wheat stripe rust fungus must suppress plant defense responses (Skalamera and Heath 1998) and establish an intimate relationship with the host involving the development of haustoria. TaDAD2 These studies indicate the involvement of DAD1 genes in specific development processes and responses to external stimuli. In this study, we found that transcripts of TaDAD2 could be readily detected in all the wheat tissues examined, which is similar to the expression profiles of AtDAD1 in Arabidopsis thaliana (Gallois et al. 1997) . The TaDAD2 gene may be involved in certain plant growth and developmental processes in wheat.
In animal cells, DAD1 is constitutively expressed in all cells except those that are undergoing cell death (Nakashima et al. 1993). Because only a small fraction of cells are likely to be undergoing cell death in complex organs or tissues, we expect that variation in TaDAD2 expression after P. striiformis f. tritici infection would be minor. However, the abundance of TaDAD2 mRNA in wheat leaves varied substantially at different time points after P. striiformis f. tritici infection. Necrotic cell area per infection site was significantly reduced and hyphal length was increased when TaDAD2 was knocked down by BSMV-VIGS, indicating that the susceptibility to P. striiformis f. tritici was enhanced when TaDAD2 was silenced in wheat cv. Suwon11. Few small uredia were observed on leaves infected with CYR23 in TaDAD2 knocked-down plants. In addition, the expression levels of a few defense-related genes also were reduced in BSMV:TaDAD2as-infected wheat leaves challenged by CYR23 (Fig. 6) , suggesting that the resistance to CYR23 was weakened. Therefore, TaDAD2 is important for basal level resistance to the stripe rust fungus. The degree of induced TaDAD2 expression was higher in the incompatible interaction than the compatible interaction, also indicating a role of TaDAD2 in defense against P. striiformis f. tritici infection. When the expression of TaDAD2 was knocked down by VIGS, cell death was reduced instead of enhanced at 48 hpi. We speculate that TaDAD2 may have the opposite or no effect on cell death triggered by stripe rust fungus at late infection stages. Weakened resistance may result from compromised cell death at late stages of the wheat-P. striiformis f. tritici interaction.
Transgenic NahG Arabidopsis plants expressing a bacterial SA hydroxylase that metabolizes SA to catechol are defective in SAR and induced PR gene expression, and compromised in local R-gene-dependent resistance responses (Delaney et al. 1994;  Gaffney et al. 1993) . Therefore, we assessed the TaPAL and PR gene expression levels by qRT-PCR analysis. When TaDAD2 knocked-down plants were inoculated with avirulent race CYR23, the transcripts of PR1, PR2, PR5, and TaPAL were significantly reduced. Phenylalanine ammonia-lyase (PAL) is a key enzyme in SA synthesis, and the PR genes are generally regarded as markers for hypersensitive or resistance response (Van Loon 1997; Van Loon and Van Strien 1999). Therefore, reduced expression of TaPAL and these PR genes may be responsible for compromised resistance to the avirulent pathotype.
ROS is one of the earliest messenger molecules that function at the early stage in signal regulation, stress adaptation, and PCD (Yoshinaga et al. 2005 a and b) . In wheat, silencing of TaDAD2 resulted in increased expressions of putative ROSscavenging genes and repression of ROS-generating genes (Fig. 6) . It is likely that ROS accumulation was reduced in 
MATERIALS AND METHODS

Plant materials, inoculation, and treatments.
Seedlings of wheat cv. Suwon 11 were maintained and inoculated with P. striiformis f. tritici pathotype CYR23 (avirulent) or CYR31 (virulent) following the procedures and conditions as described ( 
Particle bombardment assays.
Leaves from 4-to 6-week-old N. benthamiana plants were bombarded using the Bio-Rad He/1000 particle delivery system with a double-barreled extension attached as described (Dou et al. 2008 ). Plasmid DNA was prepared and resuspended to 5 to 6 μg/μl in sterile deionized water. For bombardment, 9 mg of M-10 tungsten particles (Bio-Rad, Hercules, CA, U.S.A) were combined with 50 μg of pUCGUS DNA and 60 μg of empty vector (pUC19), or 10 μg of pUCBax and 50 μg of pUC19, or 50 μg of pUCTaDAD2 and 10 μg of pUCBax. After bombardment, leaves were incubated at 28°C for 3 days in darkness and then stained for 16 h at 28°C using 5-bromo-4-chloro-3-indolyl-D-glucuronic acid at 0.8 mg/ml, 80 mM Na phosphate (pH 7.0), 0.4 mM K 3 Fe(CN) 6 , 0.4 mM K 4 Fe(CN) 6 , 8 mM Na 2 EDTA, 20% methanol, and 0.06% (vol/vol) Triton X-100. After destaining in 100% methanol for 12 h, blue spots were counted under a dissecting microscope.
To quantify the suppression of Bax-mediated cell death, plasmid pUCTaDAD2 (1.7 μg/shot) was mixed with pUCBax (0.33 μg/shot) and pUCGUS (1.7 μg/shot) and bombarded into tobacco leaves. The control shot in the second barrel was the mixture of empty vector pUC19 (2.0 μg/shot) and GUS DNA (1.7 μg/shot). For each pair of shots, the ratio of the logarithm of the blue spots formed on leaves bombarded with Bax to that with the empty vector control or with Bax and TaDAD2 to that with the empty vector control was calculated. The log ratios for these shots were then compared with the log ratios obtained when TaDAD2 DNA was replaced by the empty vector DNA. Each assay consisted of eight pairs of shots and was conducted at least twice. Results were evaluated using the Wilcoxon rank sum test (SAS software; SAS Institute Inc., Cary, NC, U.S.A.). For direct assays of the suppression of Bax-induced cell death by TaDAD2, tobacco leaves were bombarded with a mixture of pUCTaDAD2 (1.7 μg), pUCBax (0.33 μg), and pUCGUS (1.7 μg) in the first barrel and a mixture of empty vector pUC19 (1.7 μg), pUCGUS (1.7 μg), and pUCBax (0.33 μg) in the second barrel. The ratio of the logarithm of the blue spots formed on leaves bombarded with Bax and TaDAD2 to that with the empty vector and Bax was calculated. In total, 16 pairs of shots were performed for each comparison, and the results were calculated from the log ratios using the Wilcoxon signed ranks test (SAS software; SAS Institute Inc.). TaDAD2 . At 9 dpi, the fourth leaf was infected with urediniospores of CYR23 or CYR31. Infection types of stripe rust were examined 15 dpi. The number of uredia formed on each leaf section was counted at 240 hpi. The fourth leaves also were sampled at 0, 18, and 48 hpi for histological observation and RNA isolation.
BSMV-mediated
Primers used for assaying the expression levels of the TaPR1, TaPR2, TaPR5, TaCAT, TaPOD, TaPAL, and TaOXI genes in TaDAD2 knocked-down plants were listed in Supplementary Table 1.
Histological observation of fungal growth and host response.
Wheat leaves infected with BSMV were sampled at 0, 18, and 48 hpi with P. striiformis f. tritici and stained as described (C. F. ). Cleared leaf segments were examined with an Olympus BX-51 microscope (Olympus Corp., Tokyo) for infection sites and lengths of infection hyphae. Autofluorescence of attacked mesophyll cells was observed as a necrotic death area by epifluorescence microscopy (excitation filter, 485 nm; dichromic mirror, 510 nm; and barrier filter, 520 nm). At least 50 infection sites were examined on each of five randomly selected leaf segments per treatment. Only infection sites where appressoria had formed over stomata were considered to have successful penetration and were examined for the formation of substomatal vesicles, infection hyphae, and haustorium mother cells. Following the classification of Parlevliet (1986), all nonpenetrating appressoria and aborted substomatal vesicles were considered to be aborted penetration attempts. The percentage of infection sites displaying host cell necrosis also was recorded. The necrotic leaf area was measured with a calibrated eyepiece micrometer and corresponding areas (square micrometers) calculated according to the formula π × length × width/4. Standard deviations and Tukey's test for statistical analysis were performed with the SAS software.
